Magnetic resonance in the ordered phases of the 2D frustrated quantum
  magnet Cs2CuCl4 by Smirnov, A. I. et al.
ar
X
iv
:1
20
2.
07
83
v1
  [
co
nd
-m
at.
str
-el
]  
3 F
eb
 20
12
Magnetic resonance in the ordered phases of
the 2D frustrated quantum magnet Cs2CuCl4
A. I. Smirnov,1, 2 K. Yu. Povarov,1 S. V. Petrov,1 and A. Ya. Shapiro3
1P. L. Kapitza Institute for Physical Problems, RAS, 119334 Moscow, Russia
2Moscow Institute for Physics and Technology, 141700, Dolgoprudny, Russia
3A. V. Shubnikov Institute of Crystallography, RAS, 119333 Moscow, Russia
(Dated: October 22, 2018)
The temperature evolution of the electron spin resonance is studied at cooling the crystal sam-
ples of Cs2CuCl4 through the Ne´el point 0.62 K. A coexistence of the high-frequency spinon type
resonance developed in the spin-liquid phase and of the low-frequency antiferromagnetic resonance
was found in the ordered phase. The low-frequency magnetic resonance spectrum in the low field
range has two gapped branches and corresponds well to the spectrum of spin excitations of a planar
spiral spin structure with two axes of the anisotropy. The field induced phase transitions result in
a more complicated low-frequency spectra.
PACS numbers: 76.30.-v, 75.40.Gb, 75.10.Jm
INTRODUCTION
Magnetic crystals with low dimensional and frustrated
antiferromagnetic exchange interaction remain in a cor-
related paramagnetic state (often called ”spin liquid
phase”) far below the Curie-Weiss temperature TCW .
The suppression or even absence of the ordering is due
to strong quantum fluctuations. A quasi 2D S = 1/2 di-
electric antiferromagnet Cs2CuCl4 is a thoroughly stud-
ied example of a magnetic system with spin correlations
emergent in a wide temperature range below TCW=4 K,
but still above the ordering point TN=0.62 K. In crys-
tals of Cs2CuCl4 the Cu
2+ magnetic ions are placed on
stacked 2D layers with distorted triangular lattice. Ex-
periments on inelastic neutron scattering in the spin-
liquid phase uncovered magnetic excitations propagating
along b-axis with a spectrum of an extensive multiparti-
cle continuum [1, 2]. The wide band of transferred en-
ergy corresponding to a fixed transferred momentum q
is observed for q ∽ 1b , where b is a lattice period, while
at low momenta q ≪ 1b the spectrum width is negli-
gible in zero magnetic field. The boundaries and the
spectral density of the continuum observed in Cs2CuCl4
correspond well to the two-spinon continuum of a quan-
tum critical spin S=1/2 chain [1, 3]. The 1D nature of
spinon excitations in this 2D structure is attributed to
the frustration of exchange bonds on the distorted trian-
gular lattice, with the strong exchange bonds (J=0.375
meV) directed along b-direction, and a weaker exchange
interaction (J ′ = 0.34J), coupling magnetic Cu2+ ions
along lateral sides of isosceles triangles, see Fig. 1. The
interlayer exchange J ′′=0.045J is the weakest one. The
spin chains extended along b-direction should be prac-
tically decoupled from each other due to the geometric
frustration of the exchange bonds J ′, as shown in numer-
ical simulations [4] and in the analytical approach [3].
Another consequence of the frustration is the extreme
sensitivity of the ground state to the weak interlayer ex-
change and Dzyaloshinsky-Moriya interaction [5]. The
study of elastic neutron scattering [1] showed, that the
ordering at TN results in a spiral spin structure. The
spiral lies approximately in the bc-plane and its wavevec-
tor is directed along b-axes. The ordered spin component
has a strong quantum reduction ∆S/S=0.25 [6].
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FIG. 1. Sketch of the exchange paths of Cs2CuCl4 within the
bc-plane
The spinon continuum in Cs2CuCl4 corresponds
mainly to that of S=1/2 Heisenberg antiferromagnetic
chain. Nevertheless, it is modified in the low-frequency
range by the uniform Dzyaloshinsky-Moriya interaction
of magnetic ions within a chain [7–9]. The uniform
Dzyaloshinsky-Moriya interaction between the spins in
a chain is a distinct feature of Cs2CuCl4. The corre-
sponding model Hamiltonian is derived in Ref. [5], it’s
terms Da and Dc present this interaction. Besides, the
Dzyaloshinsky-Moriya interaction of a conventional, i.e.
staggered, type is present for the ions connected by ex-
change bonds J ′. This interaction corresponds to terms
D′a and D
′
c of the Hamiltonian of Ref. [5]. The uniform
interaction results in the shift of the continuum spectrum
E(q) along the q axis for a value of δq=
√
D2a +D
2
c/(Jb).
A zero field gap arises due to this shift. The shift results
also in an essential change of the envelope of the spectrum
of spin fluctuations at q=0 in a magnetic field aligned par-
2FIG. 2. The continuum of transversal spin ex-
citations for 1D spin chain with the uniform
Dzyaloshinsky-Moriya interaction in a magnetic
field H = 0.5J/(gµB) at H ‖ D. Note a consid-
erable width of the continuum at q=0.
allel to the Dzyaloshinsky-Moriya vector D = (Da, Dc).
The q = 0 spectrum, which in the absence of uniform
Dzyaloshinsky-Moriya interaction is represented by a sin-
gle Zeeman frequency µBH/~, transforms in a band of
frequencies corresponding to the width of the continuum,
∼ Jδq, see Fig. 2. This results in an effective splitting of
the electron spin resonance (ESR) line at H ‖ D, because
the spectral density has singularities at the boundaries
of the continuum [7]. For H ⊥ D, there is no split-
ting, while the gap in the ESR spectrum causes an es-
sential shift of the ESR line. The zero-field gap in the
ESR spectrum, shift of the resonance field at H ‖ b and
split doublet at H ⊥ b, in accordance with vector D
orientation in Cs2CuCl4 were indeed observed [8] in the
temperature range of the spin-liquid phase. The gap at
T = 2TN =1.3 K has a value of 14 GHz, about a half of
the zero-temperature gap in the ordered phase.
The aim of the present work is to study the tempera-
ture evolution of the above exotic spinon-type ESR (with
the gap opening above TN and anisotropic splitting) at
cooling through TN , as well as the study of the antifer-
romagnetic resonance at low temperatures. We observe
a surprising ESR spectrum at low temperatures: for the
higher frequency band, above 60 GHz, the spinon-type
doublet ESR was observed to be preserved till the lowest
temperature, while for low frequencies, below 40 GHz
the spinon magnetic resonance is replaced by the anti-
ferromagnetic resonance. The coexistance of spinon res-
onance and antiferromagnetic resonance at low temper-
atures presents a new kind of ESR spectrum of a spin
S=1/2 quantum antiferromagnet.
FIG. 3. Temperature evolution of the ESR signal in the low
frequency range at H ‖ a. Weak sharp resonances at H=1.35
T is a g=2.0 label of free radicals in diphenyl-picryl-hydrazil
(DPPH).
FIG. 4. Temperature evolution of the ESR signal in a high
frequency range at H ‖ a.
EXPERIMENT
The magnetic resonance signals were recorded as field
dependences of the transmitted microwave power in the
frequency range 25<ν<140 GHz, using multimode mi-
crowave resonator and waveguide insert combined with a
dilution refrigerator Kelvinox-400. The sample was fixed
by the Apeizon N grease inside the copper resonator,
placed in vacuum and connected via a thermoconduct-
ing link to the mixing chamber of the dilution refriger-
ator. The temperature of the resonator was monitored
3FIG. 5. ESR lines at T <0.1 K and H ‖ a for different
frequencies
by a RuO2 thermometer placed on the top of the res-
onator. To avoid heating of the resonator unit during
experiments at the temperatures below 1 K, the screen-
ing of the infrared thermal radiation, passing through the
waveguides, was performed by two filters thermalized at
80 K and at 4 K, following Ref. [10]. The incident mi-
crowave power at the cryostat input was not higher than
1 µW. Microwave absorption by the sample is estimated
as 1 nW, for this estimation we used the measurements of
the transmission of the waveguides with filters and of the
coupling between the resonator and waveguides, as well
as the typical ratio of microwave losses in the sample and
in the resonator walls. The overheating of the sample due
to microwave absorption is estimated as 10 mK at T =0.1
K. Considering the above estimations we can not surely
distinct the temperatures of the sample below 0.1 K, de-
spite the observation that thermometer at the top of the
resonator indicated temperature down to 0.05K during
the field sweep. We checked the sample heating effects by
making experiments with different values of the incident
microwave power. At enlarging the power we marked
the power level causing overheating of the resonator or
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FIG. 6. Frequency-field dependence for ESR in Cs2CuCl4 at
T <0.1 K and H ‖ a. Filled symbols correspond to the inten-
sive ESR modes, empty symbols present resonances of a weak
intensity. Solid lines correspond to the calculation according
to eq. (8). Dashed lines present the proposed spinon-type
resonances, ν±, according to relation (3). Dotted line corre-
sponds to the ESR of noninteracting spins with g = ga.
change of the ESR lineshape or position. After that, an
attenuation for more than a factor of 2 was inserted for
the incident power. The samples from the same batch as
in Ref. [8] were used. As reported in Ref. [8], the ESR
signal at T >10 K is a typical single mode resonance cor-
responding to g-factor values ga,b,c=2.20, 2.08, 2.30 for
the orientation of the magnetic field along the crystallo-
graphic axes a, b and c correspondingly. At cooling below
4 K a significant change of ESR lineshape and position
was found: for the temperature T=1.3 K and H ‖ b the
resonance line is shifted to lower fields, while for H ‖ a, c
it is transformed to a doublet due to the modification of
the spinon continuum described above. Now we describe
the transformation of the ESR lines at further cooling
through the ordering point TN=0.62 K.
Field along a-axis
At first, we consider the temperature evolution of ESR
signals for the most simple case of H ‖ a. Here the
magnetic field is perpendicular to the spin spiral plane
and the structure exhibits just gradual transformation of
the cone configuration to fully polarized state without
intermediate phase transitions [1, 11]. We observed two
kinds of the temperature evolution of the doublet ESR
signals at cooling below TN : i) At low frequencies (ν < 40
GHz), the spinon doublet is gradually transformed into a
single narrow line of the antiferromagnetic resonance, as
shown in Fig. 3. ii) For higher frequencies, ν > 60 GHz,
the doublet found in the spin-liquid phase survives deep
in the ordered phase, see Fig. 4. In the intermediate
4frequency range 40<ν<60 GHz, there is a single ESR
line, which is, however, strongly broadened with respect
to observations in the low frequency range. Examples of
the low temperature ESR lines at different frequencies
are displayed on Fig. 5. The ESR lines, which arise via
the temperature evolution of the first type, are marked
here as ν1. Besides, there is a low-frequency branch of the
ESR (marked as ν2 on Figs. 5, 6), which was observed at
the frequency 26.9 GHz and only in the ordered phase.
The collection of resonance fields observed at T <0.1 K in
the whole frequency range is presented on the frequency-
field diagram Fig. 6. Weak resonances, marked by ”w”
on Figs. 5, 6 were observed at several frequencies in the
intermediate frequency range 40-60 GHz. In summary,
for H ‖ a, at T <0.1 K we observe in the low frequency
range narrow ESR lines corresponding to two branches -
ν1, with a rising frequency-field dependence, and a low
frequency branch ν2. In the high frequency range above
60 GHz there is a doublet of ESR lines analogous to that
observed in the spin-liquid phase.
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FIG. 7. Temperature evolution of the 35.15 GHz ESR signal
at H ‖ b.
Field along b-axis.
For H ‖ b, there is a single ESR line in the spin-
liquid phase. This resonance is shifting to lower fields
with cooling. The shift of the resonance field from
the magnetic field of the ESR of noninteracting spins
H0 = 2pi~ν/(gbµB) becomes visible at temperatures be-
low 4 K. On further cooling, below the Ne´el tempera-
ture, the resonance line is strongly broadened near TN
and than reappears as a narrow line at T ∼0.3 K, this
evolution is illustrated in Fig.7. Another resonance mode
appears at low temperatures at higher field. These two
modes are marked by arrows on Fig. 7. In the tem-
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FIG. 8. Temperature dependence of the gap ∆, calculated
from the equation (1) using the resonance field values at dif-
ferent frequencies for H ‖ b in the spin-liquid and ordered
phases. Solid lines are guide to the eyes. Dashed line is the
extrapolation of the spin-liquid energy gap to T = 0.
perature range of the spin-liquid state the value of the
shifted resonance field may be described by the relation
for a conventional gapped resonance (see Ref. [8]):
ν2 = (
gbµBH
2pi~
)2 +∆2 (1)
The temperature dependence of the gap ∆, derived
from the experiments on different frequencies, using the
relation (1) is presented on Fig. 8. The gap is gradu-
ally rising on cooling from T = 4K with a steep increase
below TN . In the ordered phase, below 0.4 K, we re-
solve two modes with different gaps, the resonance fields
of both modes were used for calculation of the ∆(T ) de-
pendence presented on Fig.8. The low-temperature limit
of the lowest gap 28 GHz is twice as large as the gap at
TN . The low-field resonance on Fig. 7 corresponds to a
branch with a rising frequency vs field dependence and
has a narrow linewidth ∆Hs ∼ 0.02 T in the frequency
range 35-43 GHz. These resonances are marked as νs
on Fig.9, where examples of ESR lines taken at differ-
ent frequencies are presented. The resonances, observed
at low temperature are collected on the frequency-field
diagram Fig. 10. A family of low-frequency resonances
with the frequencies below 35.5 GHz, including the up-
per field resonance of Fig. 7 is marked as νlf on Figs.
9, 10. At higher frequencies, 40-45 GHz, the resonance
νs is superimposed with a broad line νb with a width of
∆Hb ∼ 0.5 T. In the range 45-50 GHz the broad line
νb appears alone, and at higher frequencies the narrower
line νhf with a width ∆Hhf ∼ 0.2 T is observed. Thus,
the spectrum undergoes a crossover between the low fre-
5FIG. 9. Examples of low temperature ESR lines at H ‖ b,
taken at different frequencies.
quency sharp resonance mode νs and the high frequency
resonance νhf via coexisting resonances and a broad res-
onance in the intermediate frequency range 40< ν <60
GHz.
For the fields in the vicinity of 2.8 T we observe an
abrupt modification of the ESR lines, which is clearly
seen on Figs. 9, 11. This modification corresponds to
a small step in the ν(H) dependence, presented on the
insert of Fig. 10. The field H = 2.8± 0.05 T of the step
on the ν(H) dependence corresponds well to the field-
induced phase transition at Hbc1=2.75 T observed in Ref.
[11] as a jump on the magnetization curve.
Field along c-axis
For H ‖ c, a doublet of ESR lines appears in the spin
liquid phase. At further cooling, as in the case of H ‖ a,
for ν < 40 GHz we observe the evolution to a single
ESR line, while for ν > 60 GHz the doublet survives
at low temperatures, as presented in Fig. 12. Fig. 13
presents the temperature evolution of the resonance line
till the lowest temperature T <0.1 K, demonstrating the
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FIG. 10. Frequency-field diagram for T=0.1 K and H ‖ b.
Triangles mark the fieldHbc1 of the phase transition, measured
on ESR records, other symbols represent resonances, marked
in Fig.9. Dashed lines present the calculation according to the
macroscopic theory for H ‖ b, solid lines - for 5◦ tilting angle
between H and b. Dotted line is the paramagnetic resonance
frequency for g=2.08. Field Hbsf represents calculation by
formula (9) of the Appendix . Vertical dashed line represent
the field Hbc1 measured in Ref.[11]. Insert: frequency-field
dependence in the vicinity of the phase transition.
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FIG. 11. ESR signals near the field-induced phase transiton
at Hbc1 =2.75 T, H ‖ b.
evolution to the narrow line with the width ∆H=0.04T.
The resonance lines at different frequencies are given in
Figs. 14, 15, the frequency-field diagram is presented on
Fig. 16. At low temperature, in the low-field range we
observe a strongly rising resonance branch, and a slowly
falling one, marked as ν1 and ν2 correspondingly on Figs.
14, 16. In the low field range the ν1 branch is observed
as very narrow (∆H1=0.03-0.04 T) resonance, while in
6the frequency range above 50 GHz (corresponding to the
field range 1.5-2.5 T) the resonance line is distorted, and
at frequencies higher than 70 GHz there is again a dou-
blet, analogous to the case of H ‖ a. In the frequency
range 37-64 GHz the ESR records have pronounced kink,
which marks the value of the field of the phase transition
at Hcc1 = 1.48T, as illustrated on Fig. 17. The step on
the frequency-field dependence at Hcc1 corresponds well
to the phase transition observed by magnetization mea-
surement at the same field as a step in magnetization
and a jump in the susceptibility [11]. Besides, three low-
frequency branches of lower intensities are detected in
higher fields. Two of these branches are marked as νe,g on
Figs. 14, 16. The third, high-field resonance mode, νh,
is presented on Fig. 15, its frequency-field dependence
is shown on Fig. 16. The resonances νe,g constitute a
branch emerging above the field of the phase transition
at Hcc2 = 2.1 T, also observed in Ref. [11]. The branch
νh is observable in the field range between 7 and 8 T.
This field range corresponds to a high-field phase, which
was observed in Ref. [11] between the fields Hcc4=7 T
and Hsat=8 T.
FIG. 12. ESR signals at H ‖ c for different temperatures.
DISCUSSION
The nature of the spin ordering in Cs2CuCl4 is a curi-
ous subject, because of the frustration of the lateral ex-
change bonds, causing the decoupling of spin chains. The
ordered phases and field-induced transitions of Cs2CuCl4
are discussed in detail in Ref. [5]. At H=0, the order-
ing is supposed to be due to the joint action of the in-
chain exchange J , the Dzyaloshinsky-Moriya interaction
between ions on lateral bonds of triangular lattice (D′a-
term of Ref. [5]) and the frustrated exchange J ′. This in-
terplay should cause the ”DM-spiral” with the spins lying
in the bc-plane (see Ref. [5]), as confirmed by the experi-
ment [1]. At the magnetic field H ‖ a the spiral ordering
FIG. 13. ESR signals at H ‖ c for different temperatures at
34.5 GHz.
FIG. 14. ESR signals at different frequencies forH ‖ c,
T<0.1 K
of transversal spin components takes place until the satu-
ration field, as expected in theory and observed in experi-
ment. However, at H ‖ b, c and H ≃ D′a the spin spiral is
expected to flop perpendicular to the magnetic field and
the above D′a-term becomes ineffective for the flopped
configuration. At H ‖ b, the phase should be than or-
dered due to the action of J and J ′′, resulting in the
collinear AF phase. At H ‖ c, another Dzyaloshinsky-
Moriya term, D′c becomes effective in the flopped phase
and the most complicated sequence of phase transitions
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FIG. 15. ESR signals of the high-field mode νh. H ‖ c,
T <0.1 K.
occurs. The spin structures for field-induced phases at
H ‖ b, c are proposed in Ref. [5] by the considera-
tion of the interactions characterized by the parameters
J, J ′, J ′′, D′a,c. The uniform Dzyaloshinsky-Moriya inter-
action, parametrised by Da,c terms does not contribute
to the selection of the long range ordered ground states
because its sign oscillates from one chain to another. Ac-
cording to the analysis of ordered phases [5], for H ‖ b,
two transitions before saturation are predicted, and for
H ‖ c - four transitions before saturation. This corre-
sponds well to the observations of Refs. [1, 11, 12], where
the field-induced transitions are observed for H ‖ b in
fields Hbc1,2, and for H ‖ c in fields Hcc1,2,3,4. These fields,
except for Hbc2 are marked on Figs. 10, 16.
We interpret magnetic resonance in the ordered phase
of Cs2CuCl4 in low fields, where the planar spin spiral is
stable for all directions of the magnetic field. The anti-
ferromagnetic resonance of a planar spiral structure with
two axes of the anisotropy should obey two gapped modes
of the antiferromagnetic resonance and a zero-frequency
Goldstone mode, see, e.g. Ref. [13]. Two modes with dif-
ferent gaps correspond to out of plane oscillation of the
spiral spin system and the third mode with a zero fre-
quency represents in-plane rotation of the spiral which
may be performed without the energy loss. The low-
frequency dynamics of the planar spiral antiferromagnet
was described in Ref. [13] using the macroscopic ap-
proach developed in Ref. [14]. In this approach one
considers the spiral spin structure parametrised by two
orthogonal unit vectors l1 and l2:
S = l1 sin(qr) + l2 cos(qr) (2)
The consideration is valid in the exchange approxima-
tion, i.e. in the magnetic fields far below the satura-
tion (Hsat ≃ 8 T for Cs2CuCl4) and for low frequency
2pi~ν ≪ J , it does not involve the resonance absorp-
tion due to the transitions of magnons over a gap at
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FIG. 16. frequency-field dependence for ESR signals
at H ‖ c. Filled and empty symbols correspond to two
different samples, crosses - to values of Hcc1, measured
as kinks on ESR records at different frequencies. Solid
grey lines present macroscopic theory, thin dashed
lines are guide to eyes, thick dashed lines present the
proposed spinon-type resonances ν±, according to re-
lation (3). Dotted line presents the high-temperature
ESR. Vertical dashed lines correspond to critical fields
Hcc1,2,3,4, observed in magnetization experiments in
Ref. [11]. The saturation field Hsat is marked accord-
ing to ref. [11]. The field Hcsf presents the calculated
spin-flop field according to formula (10).
FIG. 17. ESR signals at H ‖ c near the field induced
transition. Hcc1 is marked according to Ref.[11].
the wavevector of the spiral. The resonance frequen-
cies obtained by this approach are represented in Sec.
Appendix, equations (6-8). This consideration predicts
also spin-flop transitions for H ‖ b, c in the magnetic
fields Hb,csf given by (9,10). At these fields the spin plane
should flop perpendicular to the magnetic field because
8of the anisotropy of the susceptibility.
The experimental frequencies for all three directions
of the magnetic field were fitted by the relations (6-
8) in the low field range. The exchange approxima-
tion does not involve the anisotropy of g-factor. We
include the anisotropy of g-factor by taking the value
of γ = ga,b,cµB/~ for orientations of H along the axes
a, b, c correspondingly. The frequency-field dependences,
calculated for H ‖ a, c are presented on Figs. 6, 16 by
solid lines. For the orientation H ‖ b the intersection
of calculated branches takes place. This causes a repul-
sion of branches in case of a tilting of the magnetic field
with respect to the b-axis. The frequency, calculated for
a perfect H ‖ b orientation is presented on Fig. 10 by
dashed line, while ν(H), modeled for the tilting angle of
5◦ is given by a solid line. Calculated curves for both
perfect and tilted configurations agree with the experi-
mental resonance frequencies, while the calculation for
the tilted field gives a better coincidence with the evo-
lution of the resonance field at a gradual increase of the
frequency.
The fitting parameters are ω10/(2pi) = 34±2 GHz and
ω20/(2pi) = 28±2 GHz, A = −7.2 ·106 erg/mole = −8.6 ·
10−2 K/Cu and B = −2.3 erg/mole = −2.7 ·10−3 K/Cu.
The energy of the anisotropy, presented by constants A
and B are much smaller than the main exchange integral
J = 4.3 K and the constant of uniform Dzyaloshinsky-
Moriya interaction derived in Ref. [8] D = 0.4 K. The
constant of the staggered Dzyaloshinsky-Moriya inter-
action, derived from neutron scattering experiments in
polarised state is D′a=0.23 K. Parameter η was calcu-
lated using the susceptibility values measured in Ref.[11]:
χ‖ = 4.9 ·10−2 and χ⊥ = 3.7 ·10−2 emu/mole for T → 0.
It is worth to note that the parameter η, calculated in
such a way, does not correspond exactly to the param-
eter of the anisotropy of the susceptibility considered in
the theory of Ref. [13], because the anisotropy of the
susceptibility is of the same order as that of the g-factor,
while the theoretical model considers parameter η in the
exchange approximation with an isotropic g-factor. Be-
sides, the condition of the low frequency approximation
~ω ≪ J is not valid for the case of Cs2CuCl4, because
observed gaps ( 30 GHz) are about a half of J/(2pi~).
Due to violation of conditions of applicability and above
cited approximations, we consider the results given in
the Appendix as providing only a qualitative descrip-
tion and classification of modes of antiferromagnetic res-
onance and giving the approximate values of spin-flop
transitions for Cs2CuCl4. In particular, the absence of
a good correspondence between the calculated spin flop
fields Hb,csf and the observed values H
b,c
c1 is attributed to
these approximations. The values of observed [11] field-
induced transitions and of the calculated spin-flop fields
are marked on Figs. 10,16.
Thus, the experiment in the lower range, ν < 40 GHz,
corresponds qualitatively to the macroscopic approach
(6-8). However, increasing the frequency to a value of the
order of the exchange frequency J/(2pi~)=67 GHz and
higher, we observe at H ‖ a, c a gradual transformation
of the upper branch of the antiferromagnetic resonance
ν1 into a doublet of lines. A transformation of ESR line
is also observed for the third orientation, H ‖ b, there is
an evolution of a narrow ESR line to a broadened one
via an intermediate resonance at 40 GHz < ν < 50 GHz.
Therefore, the spectrum observed in the high frequency
range, is analogous to that in the spin-liquid phase, i.e.
a doublet for H ‖ a, c and a single gapped line for H ‖ b.
To check this, we suggest to extrapolate the hypothetic
spinon-type doublet ESR frequencies ν± with the spin-
liquid ansatz based on equations (4,5) of Ref. [8]. Specifi-
cally, we attempt to describe resonance frequencies of the
doublet with the relation
ν± = νR,L + δν, (3)
where νR,L are taken from (4,5) of Ref. [8] but with
extrapolated values Da = 10.4 GHz and Dc = 14.3 GHz
which have been increased by 30% from their measured
at T = 1.3 K values. This correction should be made
because the gap induced by Dzyaloshinsky-Moriya in-
teraction, ∆ = pi
2
√
D2a +D
2
c , measured in the spin liq-
uid phase above TN is observed to slow increase with
lowering of the temperature, see Fig. 8. This sug-
gests, that the zero-temperature values of Da and Dc
are larger, than values extracted from T = 1.3 K mea-
surements. Of course, these parameters cannot be mea-
sured directly at low temperature, where the inter-chain
exchange and other residual interactions establish the
three-dimensional long range order. The ordering pro-
duces a steep increase of the gap in the neighborhood of
TN=0.62 K, see Fig.8. Nevertheless, we can estimate the
T = 0 ”spin-liquid gap” extrapolating the temperature
dependence of ∆ in Fig. 8 from the spin-liquid range.
Linear extrapolation of ∆(T ), shown by the dashed line
on Fig. 8, results in ∆0SL=19.6 GHz, and represents
a 30 % increase of Da,c from their T = 1.3 K val-
ues when ∆=15 GHz. The second term in eq. (3),
δν = ω20
2pi − ∆0SL=9 GHz is an empiric way to account
for the renormalization of the gap by the three dimen-
sional magnetic ordering. The values of ν± calculated in
this way are shown by thick dashed lines on Figs. 6, 16.
We see that the high-frequency experimental data corre-
spond well to this quasi-empirical proposition for H ‖ a
and there is a qualitative correspondence for H ‖ c, i.e.
the splitting of the doublet observed in the ordered phase
has a natural value for the spin liquid state extrapolated
to zero temperature. Thereby, the changes in the ESR
lineshape and spectrum observed at increasing the fre-
quency for all three principal orientationsH ‖ a, b, cmark
a crossover from antiferromagntic resonance to a spinon
type ESR. In addition, following the temperature evolu-
tion of ESR (Figs. 4, 12 ) from the spin liquid to the
9ordered phase we also can interpret the doublet observed
in the high frequency range ν > 60 GHz at H ‖ a, c as
the spinon type ESR formed in the spin-liquid phase and
surviving deep in the ordered phase.
Thus, if the magnetic field is large enough, i.e. µBH ≃
J , we may conclude, that the two spinon continuum near
q ≃0 remains unchanged in the ordering process and
further cooling. At lower fields (and lower frequencies
ν < J/(2pi~)), for q=0, the continuum is replaced by
antiferromagnetic resonance of the ordered spiral struc-
ture. The spectrum with the coexistance of the spinon
type ESR and of the antiferromagnetic resonance indi-
cates a new kind of magnetic resonance, arising due to
the specific ground state with the ordered spin compo-
nents and strong zero point fluctuations. As far we know,
there is no adequate theory for this type of ESR.
The observation of the coexistance of two kinds of ESR
signals in the ordered phase of Cs2CuCl4 is naturally re-
lated to a similar feature of the inelastic neutron scat-
tering experiments of Ref. [2]. In these (zero-field) ex-
periments, at cooling below TN , the spinon continuum
was found to remain practically unchanged for the en-
ergy range above 0.2 meV (i.e 50 GHz), while in the
narrow interval near the lowest boundary a spin wave
mode at 0.1 meV (25 GHz) was found below TN , see
Fig. 6 of Ref. [2]. In our experiments we observe that
the spinon-type ESR remains approximately undistorted
at high frequency, while it is replaced by the antiferro-
magnetic resonance at low frequency. We can not still in-
terpret the weak modes νe,g,h, observed for field-induced
phases at H ‖ c because the spin structure for these
phases is formed under a complex interplay of several
interactions.
CONCLUSION
The electron spin resonance, corresponding to a two
spinon continuum of quantum critical S = 1/2 spin chain
was found to exist both above and below the ordering
point TN in the frequency range above the exchange fre-
quency J/(2pi~). At the same time, in the low frequency
range, the spinon type ESR is replaced by the antiferro-
magnetic resonance below the Ne`el point.
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APPENDIX
The Lagrange function of a mole of a planar spiral
magnet is
L = χ‖(1− η)
4γ2
((l˙1 + γ[l1 ×H])2 +
(l˙2 + γ[l1 ×H])2)
+
χ‖(1 + η)
4γ2
(n˙+ γ[n×H])2 − Ua (4)
Here n = [l1 × l2] and η = 1− χ⊥
χ‖
, χ‖ is the suscepti-
bility along n, and χ⊥ - is the susceptibility in the spin
plane. γ = µB/~ is the giromagnetic ratio for the spin
angular momentum. The energy of magnetic anisotropy
may be taken in the quadratric form as
Ua =
1
2
(An2z +Bn
2
y) (5)
Taking the axes as follows a → z||n, b → x, c → y,
with A < 0, A < B, we have in the ground state a spiral
within the bc plane. Varying the Lagrangian (4) with
respect to δl1 δl2 we get the resonance frequencies.
1) for H ‖ b
ω = ω10,
√
ω220 + (γH)
2 (6)
2) H ‖ c
ω = ω20,
√
ω210 + (γH)
2 (7)
3) H ‖ a
ω2 =
ω210 + ω
2
20
2
+ (γH)2
2 + η2
4
±
± ( (ω
2
10 − ω220)2
4
+ 2(γH)2(ω210 + ω
2
20)
(1 + η)2
4
+
4(γH)4
(1− η2)2
16
)1/2 (8)
Here ω210 =
−A
χ||
γ2, ω220 =
B −A
χ||
γ2.
For χ‖ > χ⊥ there should be a spin flop transition at
the in-plane magnetic fields Hsf , at which the spin plane
flops perpendicular to the magnetic field. These critical
fields may be calculated in the same low-field approxima-
tion for the magnetic field along b and c correspondingly:
Hbsf =
ω10
γ
√
η
(9)
10
Hcsf =
ω20
γ
√
η
(10)
ForH ‖ b the resonance frequencies atH > Hbsf should
be calculated by formula (8), with ω210 =
A
χ‖
γ2 ω220 =
B
χ‖
γ2.
For H ‖ c at H > Hcsf , the resonance frequencies
should be calculated by (8) with
ω210 = −
B
χ‖
γ2 and ω220 =
A−B
χ‖
γ2.
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